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The noise emitted by incoming turbulence interacting with an airfoil has many techno-
logical applications, and has accordingly received much attention in the literature. While
numerous developments are focused on the determination of the airfoil response to a given
incoming gust, the characterization of the incoming turbulence seems to have received less
attention. An important aspect thereto is the validity of the assumptions made to describe
the incoming turbulence as isotropic and homogeneous. In this work, hot wire anemometry
and stereoscopic Particle Image Velocimetry are combined to obtain detailed measurements
of the turbulence generated by either a grid or a rod, interacting with a NACA 0012 airfoil.
A particular focus is placed on the measurement of the turbulence properties in the very
close vicinity of the leading edge, in order to quantify turbulence distortion and compare
the test data with Rapid Distortion Theory models. The experimental database permits to
identify significant distortions of the mean velocity field, turbulence intensities, correlation
lengths and turbulence spectra in a region with size comparable to the airfoil leading-edge
radius of curvature. It is demonstrated that even in cases where the flow is nearly homoge-
neous in the spanwise direction, small variations must be taken into account to improve the
sound predictions. But the most significant effect to include in the prediction is the distor-
tion of the incoming turbulence spectrum, here modeled using Rapid Distortion Theory, if
a meaningful sound prediction is to be obtained.
I. Introduction
The noise generated aerodynamically is a recurrent critical issue in applications of large societal interest.
In developed societies, people are constantly interacting with machines in their houses, around the city
environment and in working places. Among the consequences of the large exposition to machines, noise is
one of the most important threats to health. In particular, the noise generated aerodynamically is daily
present in applications such as cooling and refrigeration systems, wind-farms, automobiles and airplanes.
When an airfoil is subjected to turbulence, lift fluctuations are induced, which radiate noise to the far-field
as acoustic dipoles. The turbulent flow field can be either produced upstream the airfoil, by the presence
of inflow distortions and other aerodynamic elements, or in case of a steady inflow, by the development
of a turbulence boundary-layer over the airfoil surface. The first mechanism is often named as leading-
edge noise or incoming turbulence noise mechanism,1,2 while the second is called trailing-edge or self-noise
mechanism.3–6 The two sound generation mechanisms can be simultaneously present. However, when the
incoming flow field turbulence intensity is large enough, the pressure fluctuations associated with boundary
layer eddies will be small compared with respect to the unsteady pressure due the incoming turbulence and
the later mechanism becomes the predominant noise generation mechanism.7
This work is focused on the broadband noise generated when incoming turbulence interacts with a
NACA 0012 profile. The theoretical background adopted here is depicted in Section II, where it will be seen
that the resolution of the problem necessitates some information about the characteristics of the incoming
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turbulence, typically a spectrum of the upwash (i.e. normal to the airfoil planform) turbulent velocity
component. It can be obtained numerically by means of scale-resolved Computational Fluid Dynamics, but
this requires substantial CPU effort, with a cut-off frequency that is still hardly predictable when designing
the numerical setup.8 Alternatively, a Reynolds-Averaged Navier-Stokes simulation can help obtaining some
global parameters permitting to rescale a canonical turbulence spectrum, such as the von Karman isotropic
spectrum described below. But this assumes some a priori knowledge on the shape of the turbulence
spectrum. The approach followed in this paper is based on experiments, aimed at measuring precisely the
turbulence spectrum, without involving any assumption on its isotropic nature.
A preliminary attempt in that line was reported by one of the present authors using Hot Wire (HW)
anemometry and two-dimensional, two-components (2D2C) Particle Image Velocimetry (PIV), in order to
characterize the incoming turbulent flow in a transitional jet.9 But the attempt was not validated through
acoustic measurements, and the 2D2C PIV didn’t allow for the direct measurement of the upwash component.
In this study 2D3C PIV, also known as stereoscopic PIV10 is applied to obtain direct measurements of the
upwash velocity component. Moreover, in the study by Schram et al.9 the turbulence was measured in
absence of the airfoil, therefore neglecting the influence of the airfoil on its incoming turbulent field through
potential effects. This last aspect has received much attention in the present work, in light of the importance
of turbulence distortion in the noise generation process, already identified by several authors.11–16
The paper is organized as follows: Section II gives the theoretical background for the noise generation
model adopted here (Amiet’s theory), as well as some details about the application of Rapid Distortion The-
ory (RDT). Section III describes the test rig developed for this work, as well as the experimental diagnostics
applied to measure the flow and acoustic fields. The measurements are presented in Section IV, and the
acoustic predictions are compared to the acoustic test data in Section V. Concluding remarks are given in
Section VI.
II. Theoretical background
In what follows we use the definition of the Fourier transform fˆ(ω):
fˆ(ω) =
1
2pi
∞∫
−∞
f(t) e−iωt dt . (1)
The modeling of the noise produced by the interaction of an incoming gust with an airfoil is here performed
following the aeroacoustic analogy framework derived by Curle.17 In that context, acoustic waves are emitted
by equivalent dipoles, mathematically equal to the unsteady force Fˆ applied by the airfoil on the surrounding
fluid. For a single point dipole, it would write as:
p(x,x0, ω) =
ik e−ikσt
4piσ2s
xt · Fˆ (x0, ω)
(
1 +
1
ikσs
)
(2)
where k = ω/c0, and
x is the listener position,
x0 is the dipole position on the airfoil surface,
xt =
(
(x− x0 −Mσs)/β2, y − y0, z
)
is the position of the listener relative to the source, accounting
for convection effects,
σs =
√
(x− x0)2 + β2 [(y − y0)2 + (z − z0)2] and σt = (σs −M (x− x0)) /β2 are distances between
the source and listener corrected for convective effects,
with β2 = 1−M2.
A. Incoming turbulence noise
In this work, we consider the case where the unsteady force exerted on the airfoil surface is the result of its
interaction with incoming turbulence. Amiet1 derived a model to describe this interaction and the resulting
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Figure 1. Airfoil-gust interaction.
noise production, in which the linearized airfoil is located in the plane z = 0 between 0 ≤ x/b ≤ 2 with chord
c = 2b, span s = 2d in a mean flow with velocity U , as sketched in Fig. 1.
The upwash velocity perturbation is convected with the uniform velocity U , and can thus be written as
a spatial Fourier decomposition as:
w˜(x, y) =
∞∫
−∞
∞∫
−∞
ˆˆw(kx, ky) e
−i[kx(x−Ut)+kyy] dkxdky (3)
where the Fourier components ˆˆw(kx, ky) are defined as:
ˆˆw(kx, ky) =
1
(2pi)2
∫ R
−R
R∫
−R
w(x, y) ei(kxx+kyy) dkxdky (4)
R being a large but still finite number. Considering, at this stage, that R is large but finite is necessary
because it is no reason to suppose that w(x, y) decays to zero as R tends to infinity. A formal solution for
this limitation will be proposed in the following steps.
The pressure jump over the airfoil, here expressed as an unsteady lift density acoustically equivalent to
a distribution of points dipoles, is given by
l(x, y, t) = 2piρ0U
∞∫
−∞
∫
∞
−∞
ˆˆw(kx, ky) g(x, kx, ky) e
−i(kyy−kxUt) dkxdky (5)
where g(x, kx, ky) is the transfer function between the incoming gust velocity perturbation ˆˆw(kx, ky) and the
airfoil pressure jump at the chordwise coordinate x. The Fourier transform to Eq. 5 yields:
lˆ(x, y, ω) = 2piρ0
∞∫
−∞
ˆˆw(Kx, ky) g(x,Kx, ky) e
−ikyy dky (6)
whereKx = −ω/U , and since the Fourier transform of the exponential function is equal to the Dirac function.
The Amiet theory can be applied to either random1,4 or deterministic flows.18 For broadband noise
problems, we consider that ˆˆw(Kx, ky) is a non-deterministic quantity. Consequently, a statistical analysis is
necessary, giving for the Cross Power Spectral Density (CPSD) of the lift fluctuation:
Sll(x0,x
′
0, ω) = lim
T→+∞
{ pi
T
E
[
lˆ(x, y, ω) lˆ∗(x′, y′, ω)
]}
(7)
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where E[· · · ] is the expected value. After substitution of (6) into (7), we find
Sll(x0,x
′
0, ω) = (2piρ0)
2U
∞∫
−∞
Φww(Kx, ky) e
−iky(y0−y
′
0
) g(x0,Kx, ky) g
∗(x′0,Kx, ky) dky (8)
where Φww(Kx, ky) is the PSD of the incoming upwash velocity fluctuation defined by:
Φww(kx, ky) lim
T→+∞
{ pi
T
E
[
ˆˆw(kx, ky) ˆˆw
∗(kx, ky)
]}
. (9)
Under the assumptions of acoustic far-field (k|xt| ≫ 1) and geometric far-field (y − y0 ≃ y), the sound
Power Spectral Density (PSD) is obtained from (2) using (9):19
Spp(x, ω) =
(
ρ0zkb
σ20
)2
piUd
∞∫
−∞
sin2 [(Ky − ky) d]
(Ky − ky)2 Φww(Kx, ky) |L(x,Kx, ky)|
2 dky (10)
with σ0 =
√
x2 + β2 (y2 + z2), Ky = ky/σ0, and the aeroacoustic transfer function is defined as
L(x,Kx, ky) =
1∫
−1
g(x0,Kx, ky) e
−ikb (M−x/σ0)/β
2
dx0 . (11)
Following the procedure proposed by Amiet1 and Paterson and Amiet,2 based on the results of Graham20
and Adamczyk21 and using the result of Schwarzschild’s theorem,22 the following expressions can be obtained
for L = L1 + L2:
L1(x, y, z, kk, ky) = 1
pi
√
2
(kx + β2κ) θ1
E∗(2θ1) e
iθ2 and (12)
L2(x, y, z, kk, ky) ≃ e
iθ2
piθ1
√
2pi (kx + β2κ)
{
i
(
1− e−2iθ1)+ (1− i) [E∗(4κ)−√2κ
θ3
e−2iθ1 E∗(2θ3)
]}
(13)
with θ1 = κ − µx/σ0, θ2 = µ (M − x/σ0) − pi/4, θ3 = κ + µx/σ0, κ2 = µ2 − ky/β2, µ = kxM/β2 and the
non-dimensional wavenumbers kx = ωb/U and ky = kyb. It should be noted that the above expressions hold
for the so-called supercritical gust case, i.e. κ2 > 0 or ky < kxM/β, for which the radiation efficiency is
the largest, compared with the subcritical gust case (κ2 < 0). For this reason, the corresponding L1 and
L2 expressions obtained for the subcritical case won’t be developed here. The L1 term describes the noise
emitted by the primary scattering of the incoming turbulence at the leading edge, and the L2 accounts for
the back-scattering of that incident field at the trailing edge. Similar derivations were conducted by Roger
and Moreau,23 and Moreau and Roger24 for the trailing-edge noise mechanism, where more detail can be
found on the application of the Schwartzschild procedure.
According to Graham,20 if the parameter Λ =MKxd is large enough, the problem becomes comparable
to a two-dimensional gust interaction case and the following limit can be taken for the cardinal sine:
lim
d→∞
(
sin2 [(Ky − ky) d]
(Ky − ky)2
)
= δ(Ky − ky) (14)
such that the sound PSD simplifies into:
Spp(x, ω) =
(
ρ0zkb
σ20
)2
piUdΦww(Kx,Ky) |L(x,Kx,Ky)|2 . (15)
While the expression (15) is relatively easy to implement once the expressions for L have been derived,
a difficulty stands in the estimation of the incoming upwash velocity spectrum Φww. The remainder of
this paper will be dedicated to the experimental determination of this quantity on the basis of hot-wire
anemometry and Particle Image Velocimetry data. It will be seen that the incoming turbulence is subjected
to distortions in the neighborhood of the airfoil leading edge. These alterations of the turbulence statistical
properties can be modeled through Rapid Distortion Theory.
4
B. Rapid Distortion Theory (RDT)
According to Batchelor and Proudman,25 turbulence rapid distortion is the result of a variation in the
mean velocity field due to the change in the boundary conditions, e.g. flow approaching a body or an area
restriction. An additional condition to the application of this theory requires that the turbulence distortion
should occur so rapidly that the contribution to the change in relative position of the fluid particles from
the turbulence is negligible.
The bluntness of the airfoil is an obvious cause for the alteration of the mean velocity field. Some drastic
reductions of turbulence-airfoil interaction noise due to airfoil thickness, essentially at high frequencies, have
been reported in the literature. Oerlemans and Migliore14 compared 6 different airfoils subjected to incoming
turbulence and reported that a reduction of 10 dB could be achieved for the thicker airfoils. On the basis
of similar observations, Moreau et al.13 postulated that in order to determine the frequency above which
reduction would occur, the important parameter was the ratio of the turbulence length scale to the airfoil
thickness. They applied a RDT model for the alteration of the spectrum proposed by Hunt,26 resulting in a
significant improvement of the sound prediction above 1 kHz.
In order to bring light on the distortion mechanisms, Glegg et al.27 tried to identify the region of the flow
where that distortion was the most important. By a numerical Boundary Element approach, they were able
to predict the high frequency noise reduction.12 Gershfeld obtained similar results using a Green’s function
approach.11
In this study we apply the procedure proposed by Christophe,8 based on Hunt’s theoretical work. Hunt
proposes different asymptotic behaviors for the turbulent spectrum depending i) on the transverse dimension
of the body a compared with the longitudinal turbulence integral length scale Λf , and ii) on the non-
dimensional distance ξ to the airfoil leading edge.26 The distance ξ is here non-dimensionalized taking the
leading-edge radius of curvature as reference length, equal to 1.5867 mm for our NACA0012 airfoil.
For small scale turbulence (a/Λf ≫ 1), the turbulence spectrum shows two different decay slopes for
high frequencies defined as kx/ke ≫ 1, with ke = (
√
pi/Λf ) Γ(5/6) Γ(1/3), depending on the distance to the
leading edge:
• for aξ/Λf ≫ 1 (at large distances), the traditional −5/3 high-frequency slope for the von Karman
spectrum applies,
• for aξ/Λf ≪ 1 (at small distance), the high-frequency slope becomes −10/3.
From Hinze,28 in the first case the turbulent energy spectrum is
E(k) =
55
9
√
pi
Γ(5/6)
Γ(1/3)
u2
k5e
k4
[1 + (k/ke)2]
17/6
(16)
where k =
√
k2x + k
2
y + k
2
z and which integrates as it should to 3u
2/2. The upwash velocity spectrum reads
as1
Φww(kx, ky) =
4
9pi
u2
k2e
kˆ2x + kˆ
2
y(
1 + kˆ2x + kˆ
2
y
)7/3 (17)
with kˆx,y = kx,y/ke. Christophe
8 showed that in order to account for the −10/3 high frequency slope and
simultaneously preserve the condition ∫
∞
0
E(k) dk =
3
2
u2 , (18)
the energy spectrum becomes
E(k) =
640
9
√
pi
Γ(2/3)
Γ(1/6)
u2
k5e
k4
[1 + (k/ke)2]
22/6
(19)
and accordingly, the upwash velocity spectrum writes as
Φww(kx, ky) =
91
36pi
u2
k2e
kˆ2x + kˆ
2
y(
1 + kˆ2x + kˆ
2
y
)19/6 . (20)
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III. Test rig
The tests were conducted in the facility previously developed by Schram29 at the von Karman Institute
for Fluid Dynamics. It consists of a semi-anechoic room with 4×3×4 m3 dimensions and a cut-off frequency
of 200 Hz.19 The flow is provided by a centrifugal fan run by a 18.5 kW electric engine, goes through a
Figure 2. Sketch of the test facility.
settling chamber equiped with acoustic liners and turbulence grids, and enters the vertical circular 0.3 m
diameter pipe through a honeycomb and another set of turbulence grids. At the end of the pipe, a circular-
to-rectangular nozzle leads to a 0.15× 0.2 m2 nozzle with Plexiglas side-plates along the sorter sides holding
the airfoil. The trailing-edge of the side-plates has been chamfered in order to reduce the facility self-noise.
The circular-to-rectangular area contraction ratio is 2.35, and a flow speed from 5 m/s to 35 m/s can be
obtained at the nozzle outlet plane. The respective distances between the nozzle outlet plane, cylindrical rod
and airfoil are indicated in Figure 3 (left). The airfoil is a NACA 0012 profile with 0.1 m chord and 0.2 m
span. Consistently with the notations of Section A, the coordinates origin is located on the airfoil leading
edge at mid-span, the x-axis is aligned in the flow direction, the y-axis is in the spanwise direction and the
z axis forms a right-handed coordinate system with the two previous ones. The distance between the nozzle
outlet plane and the airfoil leading-edge is 1.2 times the nozzle outlet larger dimension, so that most of its
span should be comprised in the jet potential core.
A. Grid turbulence and rod turbulence
The two configurations of interest are the grid-airfoil interaction noise and the rod-airfoil interaction noise,
meaning that the grid and rod are never simultaneously present. The grid is meant to provide isotropic
and homogeneous turbulence, and represents a canonical case where the turbulence models described above
should be directly applicable. The rod turbulence presents a mixed tonal/broadband turbulence spectrum,
which raises specific issues in the processing of the measurements for the sound prediction, as will be seen
in Section V.
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Figure 3. Left: nozzle, side-plates and grid/rod-airfoil interaction configurations. Right: stereo-PIV setup.
For the rod-airfoil configuration, two rod diameters 0.008 m and 0.016 m were selected, and the nozzle
outlet velocity was set to 10, 20 and 30 m/s. The test case with a 0.016 m rod subjected to a 30 m/s flow
corresponds to a benchmark test cases presented by Jacob et al..30
In order to generate a large enough incoming turbulence intensity, the grid is fairly coarse, with a grid
made of two layers of 22 mm parallel square rods with 36 mm inter-spacing, superimposed at right angle,
yielding an open area ratio of 38% (Figure 4). The downstream edges of the rows is manually chamfered to
reduce grid-generated noise. When it is used, the grid is inserted about 0.1 m upstream of the nozzle outlet,
to allow a longer development of the turbulence before it interacts with the airfoil, and to partly shield the
grid-generated noise from the microphone measurements.
Figure 4. Picture of the turbulence generating grid.
B. Measurement techniques and acquisition parameters
The two main objectives of the measurements were 1) to characterize the incoming turbulence and provide
the necessary inputs for the application of the models described in Section A, and 2) to obtain acoustic
spectra for the validation of the predictions.
To this end, single hot wire (HW) anemometry and stereoscopic Particle Image Velocimetry measurements
were conducted for the flow measurements, as well as single microphone measurements. The HW and
microphone data were acquired using a National Instrument cDAQ 9234 acquisition board, having a 24 bit
dynamic range, a maximum sampling frequency equal to 51.2 kHz and an embedded anti-aliazing filter. For
the HW measurements, the anemometer system is a VKI in-house system with a frequency response up
to about 20 kHz, and data were sampled at the maximum sampling frequency over 3 to 5 s for the mean
velocity and turbulence intensity measurements, or 60 s for the turbulence spectra.
For the stereo-PIV measurements, the 0.5 mm thick light sheet is lying in the the z = 0 plane and covers
an area extending from the x = −0.56d till x = 0 in the streamwise direction, and from y = −0.375d till
y = 0.375d in the spanwise direction. The stereo-PIV data is acquired with a LaVision FlowMaster PIV
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system including two high-sensitivity, high-resolution digital cameras model Imager SX 4M. These cameras
allow double frame image acquisition with 12 bit grayscale dynamic range and image area of 2360×1776 px2.
During the acquisition, the sampling frequency varied from 0.625 Hz to 5 Hz, depending on the available
computer memory. For the flow velocities reported in this paper, the acquisitions can thus be considered
as statistically uncorrelated. Both cameras are equipped with 50 mm focal length Nikon Nikkor lenses. A
focal ratio (f-#) of 5.6 is generally used, and in very specific cases, a focal ratio of 8 is adopted to increase
the signal-to-noise-ratio of near-wall measurements. To obtain the Scheimpflug condition, these cameras are
mounted with a support that allows tilting the camera with respect to the objective lenses.
A two cavities Quantel EverGreen double-pulse Nd:YAG laser was used. This laser permits the maximum
energy of 200 mJ per pulse and is used with a 25 mm semi-spherical lens to obtain a focused light sheet. DEHS
(Di-Ethyl-Hexyl-Sebacat) liquid droplets seeding is generated by a PIVTEC PivPart45 aerosol generator,
with a particle mean size around 1 µm.
Series of 1,000 images were acquired for each grid-airfoil case, while series of 1,500 images were necessary
to converge the rod-airfoil statistics, due to the larger turbulence intensity induced by the rod. The image
processing was performed by the LaVision Davis 8 software. The vector calculation is performed following a
multi-pass cross-correlation approach, with 32×32 px2 initial window sizes, reaching 8×8 px2 in a maximum
of 5 passages. This leads to a spatial resolution of 0.1406 mm in both directions. After each passage, a post-
processing step identifies vectors with peak-to-peak ratio smaller than 1.5 and discard these vectors. In a
final post-processing phase, vectors with difference to average higher than 1.5 the standard deviation of the
neighbor vectors are also discarded. Finally, only images with more than 97of valid vectors are used for the
calculations.
The acoustic measurements are performed with one to four 1/2-in Bru¨el & Kjaer microphones, depending
on the objective. The microphone type adopted is the 4133 and with pre-amplifier model 2669. This free-
field microphone permits flat response at frequencies from 10 Hz to up to 20 kHz. For the microphone signal
filtering and amplification, the low noise Bru¨el & Kjaer Nexus system type 2690 is used. The high-pass filter
frequency is set to 20 Hz and the low-pass frequency is set to 22.6 kHz, for a sampling frequency of 51.2 kHz.
The microphones are calibrated using a Bru¨el & Kjaer type 4231 pistonphone calibrator, emitting a 1 kHz
tone with 94 dB or 114 dB Sound Pressure Level (SPL). A sampling time of 60 seconds is used for every
spectrum.
IV. Flow and acoustic measurements
This Section presents the flow characterization by means of hot-wire and PIV, for the free-jet configura-
tion, with or without the installed airfoil, and with or without the grid or rod. The objective, as far as the
acoustic measurements are concerned, is to verify that the grid-airfoil or rod-airfoil interaction mechanisms
produce noise with a large enough signal-to-background noise ratio.
In what follows, the bulk reference velocity Uref is used to non-dimensionalize the results, ensuring that
the same bulk velocity was obtained for the three different cases: free jet, grid turbulence and rod turbulence,
with an uncertainty of 2.5%.
A. Mean velocity and turbulence intensity fields
Mean velocity and turbulence intensity were measured over the plane x = 0 for the free jet, turbulence
grid and rod configurations, in order to quantify the flow uniformity and incoming disturbances for these
three cases. For each of the 500 points distributed on the x = 0 plane between y/d = −0.95 and 0.95, and
z/d = −1.5 and 1.5, time series have been acquired with a sampling rate of 51.2 kHz and duration of 3 s.
Figure 5(a) shows that for the free jet configuration, the flow mean velocity is practically uniform within
the jet exit area. Regarding the turbulence intensity, Figure 5(b) indicates a maximum around 2% over
the region where the airfoil leading-edge will be located. This turbulence intensity level is relatively large,
mostly due to the low contraction ratio of the circular-to-rectangular nozzle.
Looking at the results obtained when the grid is inserted in the nozzle, we see from Figure 6(a) that the
mean velocity is not fully uniform over the region to be occupied by the airfoil leading edge, ranging from
1.15Uref over the central region of the flow to about 1.3Uref at the side-plates. This can presumably be
explained by the fairly coarse grid layout and the further acceleration of the flow in the nozzle downstream
of the grid. It induces an increase of the turbulence intensity (shown in Figure 6(b)) to about 6% over most
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(a) Mean velocity U/Uref . (b) Turbulence intensity u
′/Uref .
Figure 5. HW traverse over the plane x = 0, free-jet. The thick dashed line indicates the nozzle outlet contour
as seen from above.
of the span, decreasing to 3% close to the side-plates.
(a) Mean velocity U/Uref . (b) Turbulence intensity u
′/Uref .
Figure 6. HW traverse over the plane x = 0, grid turbulence. The thick dashed line indicates the nozzle outlet
contour as seen from above.
Finally, the measurements obtained with the rod are displayed in Figure 7. They exhibit a wake pretty
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much aligned with the plane z = 0, with a mean velocity deficit reaching 0.87Uref while the mean velocity
outside of the wake is about 1.1Uref , and a fairly constant maximum wake turbulence intensity over the line
z = 0 comprised between 20% and 22%.
(a) Mean velocity U/Uref . (b) Turbulence intensity u
′/Uref .
Figure 7. HW traverse over the plane x = 0, rod turbulence. The thick dashed line and the dotted line indicate
the nozzle outlet contour and rod position, respectively, as seen from above.
B. Longitudinal turbulence spectra: comparison between HW and PIV measurements
The spectrum of the streamwise velocity has been obtained from the HW and PIV measurements. In order
to permit comparison, only the component Φuu(kx) is shown below. The Taylor frozen hypothesis is used
to express the HW time-Fourier spectra as space-Fourier spectra. The PIV spectra are obtained by Fourier-
transforming the u velocity signal over the line y = z = 0, a priori weighted by a Hanning window and
afterwards multiplied by
√
8/3 to compensate for the enery loss, and averaging together the spectra thereby
obtained for each valid PIV field. Due to the limited number of PIV samples, and limited spatial extent of
the fields, a poorer convergence and frequency resolution is obtained for the PIV spectra compared with the
HW spectra, visible in Figure 8. For the rod turbulence case, the fact that the vortex shedding frequency
is not apparent in the PIV spectrum is likely due to the insufficient frequency resolution. Nevertheless, a
fair agreement is found between the two techniques. Moreover, an excellent match is found between the HW
grid spectrum and the von Karman model, suggesting that the turbulence can be regarded as isotropic at
the location that will be occupied by the airfoil leading edge, at least in absence of the airfoil. It will be
however seen in next Section that the presence of the airfoil is introducing a substantial distortion of the
turbulence.
C. Turbulence distortion close to airfoil leading edge
Due to potential effects, the streamlines of the incoming flow are disturbed by the presence of the airfoil.
This effect is here first evaluated considering the mean streamwise velocity measured by PIV along the line
y = z = 0 upstream of the airfoil, shown in Figure 9 for the grid turbulence and in Figure 10 for the rod
turbulence. In each case, the experimental data are compared with the analytical solution for the longitudinal
velocity along the stagnation streamline, and with the potential solution calculated with a panel method for
the NACA 0012 profile. The longitudinal coordinate is defined as ξ = x/rLE, i.e. normalized by the radius
of curvature of our NACA 0012 profile with 0.1 m chord, 1.5867 mm.
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Figure 8. Longitudinal turbulence spectra measured with HW and PIV for Uref = 30 m/s, and comparison
with von Karman and Liepman models for the grid turbulence.
The results indicate that at non-dimensional distances ξ larger than 1, the velocity follows the potential
solution calculated for the NACA 0012 profile. But for ξ ≃ 1, a transition is observed, beyond which
the measurements are seen to follow more closely the equivalent cylinder solution. (Remarkably, for the
grid turbulence case this transition seems to involve a small acceleration just upstream of the expected
deceleration.) This experimental observation confirms the hypothesis proposed by Mish and Devenport,31
which states that the distortion tensor should be computed considering the mean velocity profile of a cylinder
with the same leading-edge radius as the airfoil. It appears here that the longitudial velocity close to the
stagnation point is indeed following, at least qualitatively, the cylinder solution. The fact that this effect is
confined to a region having the dimension of the radius of curvature is another interesting result.
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Figure 9. Grid turbulence: longitudinal velocity profile along the line y = z = 0.
In order to evaluate the effect of the distortion on the spatial structure of the grid turbulence, the
normalized correlation functions are calculated in the spanwise direction. In Figures 11(a), (b) and (c)
are represented the spanwise correlations of the spanwise, streamwise and upwash velocity components,
respectively, all measured by stereo-PIV. The data indicate that a significant reduction of the spanwise
correlation length takes place somewhere in the interval −0.8 . ξ . −0.2, visible for the three velocity
components. Logically, the reduction is the most drastic for the streamwise velocity component.
Noteworthy as well, the PIV measurements indicate that the sudden decrease of the spanwise correlation
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Figure 10. Rod turbulence: longitudinal velocity profile along the line y = z = 0.
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(c) w velocity component.
Figure 11. Grid turbulence: normalized spanwise spatial correlation of the three velocity component as a
function of the spanwise separation η = y/(2b), at different non-dimensional streamwise distances ξ from the
airfoil leading-edge.
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length is accompanied by a strong increase of the velocity fluctuations, as shown in Figure 12. For non-
dimensional distances ξ larger than 1, the turbulence intensities calculated from the three turbulent velocity
components are equal (consistently with the other isotropic turbulence characteristics reported before) to
approximately 6.5%, i.e. the value measured by HW in Figure 6(b) in absence of the airfoil. But getting
closer to the airfoil leading edge for ξ < 1, the three components increase severely, though not by the same
amount, consistently with a loss of isotropy. At ξ = −0.3, the measurement nearest to the leading-edge,
the upwash turbulent velocity component reaches 22% of Uref , the streamwise component is 18% of Uref ,
and the spanwise component equals 13% of Uref . Considering the slope of the curves at ξ = −0.3, one may
expect even larger levels closer to the leading-edge.
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Figure 12. Turbulence intensity obtained from stereo-PIV on the line y = z = 0 when approaching the airfoil
leading edge (ξ = x/(2b)
.
Finally, the impact of the distortion on the turbulence spectra is evaluated, for the grid case as well, in
Figure 13. The attention is here placed on the upwash velocity component, mainly responsible for the lift
fluctuation. Even if the PIV spectra shown in Figures 13(a)-(d) are contaminated by some amount of noise,
it can be reasonably inferred from Figures 13(a)-(b) that in the close neighborhood of the airfoil leading
edge, the spectrum exhibits two regimes: with a slope close to -5/3 in the mid-frequency inertial range
below ky/ke ≃ 102, and steepening towards -10/3 for ky/ke & 102. The larger amount of noise affecting
Figures 13(c)-(d) makes the identification of a clear slope difficult, but it seems that a slope of -5/3 provides
an overall trend there. More refined measurements, with more samples, would be necessary to made more
definitive statements. Nevertheless, the observed trends are compatible with the theoretical developments
recapped in Section II.
For the rod turbulence, the spatial spectra were calculated in the streamwise direction, in order to
highlight the von Karman vortex street periodicity. The streamwise spatial correlations of the streamwise,
spanwise and upwash components are f , g and h, respectively, and shown in Figure 14(a). The spatial
periodicity appears stronger for the upwash component than for the two other velocity components. And
considering the turbulent scales smaller than this spatial wavelength, it can be seen that the small-lag
correlation length is sensibly the same for the streamwise and upwash velocity component, about twice the
correlation length of the spanwise component.
The upwash velocity PSD was calculated by cosine-transforming the function h according to28
Φww(kx) =
4u′
2pi
∫
∞
0
h(x) cos(kxx) dx (21)
ans is shown in Figure 14(b), where it is compared with the direct Fourier transform operated on the PIV
upwash velocity field. The abscissa is expressed in terms of the rod-based Strouhal number using Taylor’s
hypothesis. Both methods give similar results for the high-frequency regime, but deviate at low frequencies,
the cosine-transform of the correlation h providing a better determination of the vortex shedding Strouhal
periodicity.
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Figure 13. Grid turbulence: upwash turbulent velocity spectra, at different non-dimensional streamwise
distances ξ from the airfoil leading-edge.
ζ
f(ζ
), g
(ζ)
, 
h(ζ
)
0 0.5 1
0
0.5
1
f
g
h
(a) Streamwise spatial cross-correlations of the streamwise,
spanwise, and upwash velocity components (ζ = x/(2b)).
Sr
Φ
w
w
(k x
) / 
Φ
w
w
(0)
10-2 100
10-2
100
direct FFT
FFT(correlation)
Sr-5/3
(b) Upwash velocity PSD.
Figure 14. Rod turbulence: turbulent velocity normalized spatial cross-correlations and upwash turbulent
velocity spectrum.
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D. Acoustic spectra: signal-to-background noise ratio and scaling
The acoustic measurements presented in this section are performed using the microphone, data conditioner
and acquisition card previously described. The microphone is placed at 90◦ from the flow direction at
1 m distance from the airfoil leading-edge. The data are acquired during 60 s at a sampling frequency
of 51.2 kHz. The power spectral density is computed using the Welch periodogram algorithm, dividing
each time series into blocks of 4096 samples, Hanning-windowed and Fourier-transformed individually before
ensemble averaging all PSDs, with 50% overlap. The resulting frequency resolution is 12.5 Hz.
The signal-to-background noise ratio was evaluated for three different velocities Uref = 10, 20 and 30 m/s,
by recording the spectra without and with the airfoil in place, both for the grid turbulence (Figure 15) and
rod turbulence (Figure 16) cases. For the grid turbulence, Figure 15(a) indicates a signal-to-background
noise ratio above 10 dB for Uref = 20 m/s and 30 m/s below 3 kHz, beyond which it gradually decreases to
about 3 dB at kc = 10. The limit of valid measurements is 2.5 kHz for Uref = 10 m/s. For the rod-airfoil
case, Figure 16(a) indicates signal-to-background ratios in excess of 10 dB for Sr > 1 at 30 m/s, for Sr > 1.6
at 20 m/s, and for Sr > 3 at 10 m/s.
In order to permit comparing the measured spectra with the predictions, the measurements have been
corrected by subtracting the background noise due to the grid/rod in each case. While the assumption that
the background noise is decorrelated from the airfoil noise is probably reasonable for the grid turbulence, it
may be questioned for the tonal noise in the rod-airfoil configuration. We will however only compare the
broadband noise, where the decorrelation hypothesis should be acceptable.
The background-subtracted sound spectra are presented in Figures 15(b) and 16(b) for the grid-airfoil and
rod-airfoil cases, respectively, applying a scaling factor for the velocity assuming compact dipole efficiency.
It can be observed for the grid-airfoil case that while the data are collapsing for 20 m/s and 30 m/s from
kc = 0.1 to 1, the measurements are likely to be contaminated by background noise for kc > 2 at 10 m/s.
Similar conclusions can be drawn from Figure 16(b) about the rod-airfoil noise scaling: a good collapse is
found at 20 m/s and 30 m/s, but the broadband results for 10 m/s tend to deviate for Sr > 1.
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(a) Grid turbulence: SPL as a function of the velocity, with
and without airfoil. Empty symbols: background noise due to
grid only, filled symbols: grid-airfoil interaction noise.
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Figure 15. Grid-airfoil interaction noise: background noise removal and scaling. Squares: 10 m/s, triangles:
20 m/s, circles: 30 m/s.
V. Acoustic predictions and comparison with experiments
The grid-airfoil and rod-airfoil interaction noise has been predicted using Amiet’s formulation (10). It
was verified that the non-dimensional parameter Λ ranges from 0.42 to 20.94, which was not considered large
enough to apply the large-span asymptotic form (15).
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Figure 16. Rod-airfoil interaction noise: background noise removal and scaling. Squares: 10 m/s, triangles:
20 m/s, circles: 30 m/s.
A. Grid turbulence - airfoil interaction noise
Figures 17(a)-(d) show the grid-airfoil background-subtracted SPL, together with predictions obtained by
different methods. In Figure 17(a), the prediction assumes spanwise-homogeneous inflow properties and a
von Karman spectrum for the upwash velocity component according to (17), with spanwise-averaged scaling
parameters, and calculates the SPL radiated by the entire airfoil at once. The comparison shows a rather
poor match given the spanwise variation of the mean velocity and turbulence intensity that was seen in
Figure 6, which is consistent with results already reported in the literature, e.g. by Kucukcoskun et al. for
the case of a jet-airfoil interaction noise.19
In order to account for the spanwise variation of the mean velocity and turbulence scaling parameters u2
and Λf , a strip approach is then implemented, where the airfoil is divided in the spanwise direction into a
number of short segments. For each segment, the incoming flow properties are determined separately, and
the total noise is obtained by summing up the noise spectra emitted by all the strips, assuming decorrelated
contributions. Therefore, the segments have to be small enough to properly discretize the spanwise variation
of the inflow properties, but simultaneously larger than the spanwise correlation length to allow summing
the sound power levels. The result obtained by this method, still assuming a von Karman spectrum for
each strip, is shown in Figure 17(b). A better agreement with the measurements is found for kc comprised
between 2 and 6, but the low- and high-frequency levels are still significantly under- and over-predicted,
respectively.
If one now introduces the effect of the turbulence distortion in the model, using the RDT-altered von
Karman spectrum (20) into (10), a significantly better agreement with the measurements is observed (Fig-
ure 17(c)). It is noticeable that the improvement is obtained over the complete frequency range, even though
the RDT model is originally meant to recover the correct -10/3 frequency-scaling at high-frequencies only.
Indeed, changing the 17/6 exponent of (16) into 22/6 in (19) not only alters the high-frequency asymptotic
slope from -5/3 to -10/3, but also shifts the transition between the low-frequency asymptotic regime – where
in the limit for k → 0, the same slope is recovered in (16) or (19) – and the high-frequency behavior.
The prediction shown in Figure 17(c) is still somewhat under-estimating the experimental sound lev-
els. But another physical mechanism that should be taken into account is the substantial increase of the
turbulence intensity of the flow as it approaches the leading edge, reported in Figure 12. If instead of the
6.5% turbulence intensity used in Figures 17(b)-(c), the RDT-modified von Karman spectrum is rescaled
using a turbulence intensity u′/Uref = 18%, found at the closest leading-edge location in Figure 12, the
prediction now over-estimates the sound levels (Figure 17(d)). Obviously, the match between the prediction
and experiment can be optimized selecting a turbulence intensity value comprised between 6.5% and 18%,
but the physical motivation for such a choice requires further investigations.
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(a) von Karman spectrum (17) rescaled using spanwise-
averaged incoming turbulence properties.
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(b) von Karman spectrum (17) with spanwise-varying rescaling
(strip approach).
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(c) RDT-altered von Karman spectrum (20) with spanwise-
varying rescaling (strip approach).
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(d) RDT-altered von Karman spectrum (20) with spanwise-
varying rescaling (strip approach) and corrected turbulence in-
tensity.
Figure 17. Grid-airfoil interaction noise: measurement (thin line-square) vs. prediction (thick line) using
formulation (10) and various input data, Uref = 30 m/s.
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B. Rod turbulence - airfoil interaction noise
Due to the particular spanwise structure of the rod wake, the turbulence cannot be expected to follow an
isotropic von Karman model. This was confirmed by the normalized cross-correlation functions in Fig-
ure 14(a). However, the upwash turbulent velocity spectrum measured by PIV, visible in Figure 14(b), can
a priori be directly used as input to formulation (10). The prediction obtained by this straightforward
approach is shown in Figure 18(a). Clearly, as far as the broadband noise is concerned, the prediction is
considerably over-estimating the measurements, by about 10 dB at low frequencies, reaching about 30 dB
at high frequencies.
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(a) Using input upwash turbulent velocity spectrum directly
computed by the Fourier transform of the PIV correlation data
(Figure 14(b)).
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Figure 18. Rod-airfoil interaction noise: measurement (thin line-square) vs. prediction (thick line) using
formulation (10) and various input data, Uref = 30 m/s.
It is here conjectured that using a spectrum including a phenomenon of tonal nature in a broadband noise
formulation such as Amiet’s is a likely reason for the failure of the model. Therefore, an alternative approach
was followed, where the von Karman spectrum (17) is fitted to the PIV upwash turbulent velocity spectrum
obtained by PIV in absence of the airfoil, then modified according to RDT to take its presence into account.
The spectrum fit is performed solely on the basis of the broadband component, as shown in Figure 19. The
result, shown in Figure 18(b), exhibits a much better agreement with the measured sound spectrum than in
Figure 18(a), confirming that discarding the low-frequency tonal turbulence spectrum is preferable. As for
the grid-airfoil case, further investigations would be needed to explore the effect of the incoming turbulence
parameters, but the favorable comparison seems to indicate that the main physical mechanism is captured.
VI. Concluding remarks
The first objective of this work was the investigation of turbulent quantities serving as input of Amiet’s
theory, by a combined HW / stereo-PIV approach. A second, more specific objective was to verify if
turbulence distortion could be measured in the (undefined) close vicinity of the leading-edge and confronted
with theory. These aspects were studied for two canonical flow configurations: grid-airfoil and rod-airfoil
interactions.
The comparison between the Φuu(kx) spectra obtained by HW and PIV showed a reasonable agreement
but demonstrated also without surprise that far from the airfoil leading edge, converged spectra with a fine
frequency resolution can be more easily obtained by means of HW anemometry, invoking Taylor’s frozen
turbulence hypothesis. Beyond that first observation, stereo-PIV provides a significant bunch of additional
information, which were shown to be particularly relevant to the quantified analysis of turbulence distortion
and comparison with RDT. Being essentially non-intrusive, PIV permitted measuring flow features quite
close from the leading edge, with about 12 vectors within one leading edge radius of curvature (≃ 1.6 mm).
The turbulence distortion was shown to take place within this small region upstream of the airfoil leading-
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Figure 19. Fit of the upwash turbulent velocity spectrum by a von Karman model, based on the broadband
component only.
edge, with remarkable effects on the mean longitudinal velocity along the stagnation line, but also on the
spanwise correlation length, turbulence intensity and upwash velocity spectra Φww(ky). Of particular rel-
evance in the Amiet framework, it was shown that the spanwise correlation length of the three velocity
components decreases very substantially, while the turbulence intensity is multiplied by a factor 2 to 3 de-
pending on the velocity component. Although poorly converged, the turbulence spectra measured for ξ < 1
exhibit different slopes consistent with the -5/3 to -10/3 transition towards high frequencies, predicted by
RDT.
Including these short-distance alterations of the incoming turbulence in the prediction model was shown to
provide a significant improvement in matching the predicted and measured sound spectra. Similar conclusions
were obtained for the rod-airfoil case, with an additional observation: the tonal content of the turbulence
spectrum should be ignored when matching a von Karman model to the measured spectrum. Otherwise,
significant over-prediction and spectrum shape mismatch result. Different modeling approaches are seemingly
required to predict quasi-deterministic, periodic or stochastic, broadband interactions.
Future work should involve more detailed and abundant stero-PIV measurements in the region ξ < 1, in
particular to better understand the mechanism leading to the significant increase of the turbulence intensity
there. A confrontation of the current findings with detailed, time-resolved Large Eddy Simulation of Direct
Numerical Simulation databases would be most desirable as well.
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